A clarification was made to the Methods section after this paper published ASAP on March 20, 2014. The revised version was reposted on April 10, 2014.

Superparamagnetic iron oxide nanoparticles have found widespread applications in the biomedical field spanning *in vitro* diagnostic tests such as nanosensors,^[@ref1]−[@ref4]^*in vivo* imaging^[@ref5]−[@ref9]^ and therapies such as magnetic fluid hyperthermia^[@ref10],[@ref11]^ or drug delivery.^[@ref12],[@ref13]^ Recent investigations have also explored the capability of controlling the position or temperature of magnetic nanoparticles within cells and tissues by remote application of magnetic fields. So far, this has been investigated using permanent magnets that set nanoparticles in a longitudinal motion, using alternating magnetic fields, or through rotating permanent magnets outside of the tissues of interest.^[@ref14],[@ref15]^ In the latter scenario, the nanoparticles describe circular motions but do not individually rotate around their own axis. The combination of alternating magnetic fields and magnetic nanoparticles allows one to transform energy into forces or heat.^[@ref16],[@ref17]^ Hyperthermia is used as an adjunctive treatment in cancer therapy; here, high-frequency alternating (but not moving) magnetic fields in the kilo- to megahertz (kHz--MHz) range have been used to kill cancer cells loaded with magnetic nanoparticles through thermal induction.^[@ref18]−[@ref20]^ However, such treatment is not without risks, particularly near thermally sensitive structures such as the gut or gallbladder if nanoparticles are injected systemically, as the heat induction cannot be controlled spatially with high precision and could cause tissue necrosis. Therefore, in contrast to thermal ablation systems, ambient temperature increases \>46 °C are not desirable for purposes of remote controlling apoptosis with magnetic fields.^[@ref21]^

Fundamentally different from prior studies using high frequency alternating magnetic fields that cause apoptosis *via* heat induction, we describe here a principle of controlling nanoparticle rotation and inducing apoptosis *via* mechanical forces exerted on membranes by targeted nanoparticles. Specifically, we have developed a device that enables us to induce and precisely control the rotation of magnetic nanoparticles around their own axis, termed here 'dynamic magnetic field (DMF) generator'. The DMF generator creates a dynamic force field, which is converted inside the particle into a magnetic flux field *B*, which operates on a SPION particle with a magnetic Moment *M* and a moment of inertia *I*. The field generates a torque *τ⃗* equal to *τ⃗* = *μ⃗* × *B⃗*. This enables for the first time to induce rotation of individual magnetic nanoparticles around their own axis, and allows control of the rotation speed.

We demonstrate that induction of this kind of rotation in targeted superparamagnetic iron oxide nanoparticles (SPIONs) can be used to remotely activate apoptosis. We show that SPIONs conjugated with LAMP1 (Lysosomal-associated membrane protein 1) antibodies (LAMP1-SPION)^[@ref22]^ internalize into cells and bind to lysosomal membranes. We observed that subsequent remote activation of the dynamic magnetic field causes mechanical disruption of lysosomes, which leads to apoptosis *via* extravasation of lysosomal contents into the cytoplasm and a decrease of intracellular pH. While the unique ability of rotational control of nanoparticles is demonstrated here in a specific biological application, the same principle should enable many other new applications in the fields of nanotechnology and nanomedicine.

Results {#sec2}
=======

Dynamic Magnetic Field Stimulation Results in Rotation of Individual Nanoparticles {#sec2.1}
----------------------------------------------------------------------------------

A DMF generator was developed to control directional movement and self-centered rolling ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). To demonstrate the pattern of the particle movement, we first monitored the rotation of larger magnetic beads of different sizes (5.8, 1, 0.5, and 0.3 μm diameter) by filming them in a cell culture dish under a microscope. Once the DMF is switched on, the beads start to rotate around their own axis, which also causes a slow directional movement of the beads across the floor of the dish ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Supporting Information Movies 1 and 2](#notes-2){ref-type="notes"}). This clearly demonstrated that the applied DMF treatment enables a self-turning of magnetic particles. The speed of rotation can be controlled by varying the frequency setting on the DMF device (illustrated in [Supporting Information Movie 1 and 2](#notes-2){ref-type="notes"}). This observation suggested that the DMF could be used to contrive a virus-like interaction between the SPIONs and the cell surface, which in turn could enhance internalization of the SPIONs into the cytosol. Once the SPIONs have internalized into the intracellular compartments, *e.g.*, endosomes or lysosomes, the loaded SPIONs can be operated noninvasively by DMF to regulate the cellular compartmental activities and further cell functions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B).

![DMF controls rotation of magnetic nanoparticles. (A) Schematic representation of the DMF generator. The device controls rotation and movement of magnetic nanoparticles (SPIONs) with a low frequency (10--40 Hz) field. In contrast to reported alternating magnetic field generators, the DMF generator causes the nanoparticles to rotate around their own axis. (B) Principle of use of the DMF generator: remote induction of apoptosis. When targeted nanoparticles (LAMP1-SPIONs) first come into contact with cell membranes, their internalization can be enhanced by activation of slow nanoparticle rotation. This causes rotational motion (rolling) of the nanoparticles across the cell membrane and eventually internalization. Once internalized, the LAMP1-SPIONs enter lysosomes and bind to the lysosomal membrane. When the DMF is activated at this point, the nanoparticles start to rotate and the resulting shear forces cause injury to the lysosomal membrane. This in turn causes leakage of the lysosomal contents into the cytoplasm, leading to a decrease in its pH and subsequently apoptosis.](nn-2013-06302j_0001){#fig1}

![Illustration of DMF-induced rotation of magnetic particles. To enable better visualization of the effect of the DMF on magnetic particles under the microscope, larger micrometer sized magnetic beads (diameter 5.8 μm) were used. A dish containing beads in a physiologic salt solution (Krebs buffer) was placed in the vicinity of the DMF device. Once the DMF is switched on, the beads start to rotate around their own axis, which also causes a slow directional movement of the beads across the floor of the dish. The beads complete a rotation of 360° in seconds (time depends on the viscosity of the liquid) between the images A and D. The speed of rotation can be controlled by varying the frequency setting on the DMF device and in this experiment was varied between 5 and 15 Hz. This can be better appreciated in the accompanying [Supporting Information Movie 1](#notes-2){ref-type="notes"}.](nn-2013-06302j_0002){#fig2}

Dynamic Magnetic Field Stimulation Enhances Uptake of Superparamagnetic Nanoparticles {#sec2.2}
-------------------------------------------------------------------------------------

Internalization of SPIONs into living cells was reported previously.^[@ref23]−[@ref25]^ We first evaluated the internalization efficiency in the absence or presence of DMF stimulation. To monitor the process of SPION internalization, we used fluorescently labeled (TRITC) 100-nm SPIONs and incubated them with rat insulinoma cells (INS-1). We also tested 300-nm SPIONs, but these exhibited markedly lower loading efficiency. We then applied a DMF field for 20 min at a frequency of 20 Hz, before staining the cells using the plasma membrane marker CellMask, the lysosomal marker LysoTracker Green, and the nuclear marker Hoechst 34580. The cells were then imaged by live confocal microscopy, which demonstrated that the majority of the SPIONs were loaded into the lysosomes after 20 min of DMF treatment ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). A total of 71.2 ± 3.8% of SPIONs colocalized with the lysosomal marker LysoTracker Green, while only 18.2 ± 2.2% of SPIONs colocalized with the plasma membrane and early endosome probe CellMask ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Conversely, 91 ± 8.7% of the LysoTracker Green fluorescence appeared in conjunction with SPIONs, which means that nearly all lysosomes contained several loaded SPIONs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). Next we conjugated SPIONs with an antibody against the lysosomal membrane protein, LAMP1 (LAMP1-SPION). We compared the loading efficiencies between SPION and LAMP1-SPION, in order to evaluate if the conjugation of the LAMP1 antibody enhanced internalization and loading into the lysosomes. LAMP1-SPION nanoparticles were more efficiently loaded into the lysosomes than the unconjugated SPIONs, and the loading efficiency after 20 min DMF treatment averaged 13.3 ± 2.3% and 21.2 ± 2.4% for SPIONs and LAMP1-SPIONs, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D).

![Loading of magnetic nanoparticle into lysosomes in INS-1 cells. (A) Confocal imaging of SPIONs location in INS-1 cells. The SPIONs conjugated with the fluorescent dye TRITC (orange) were incubated with living cells in a static magnetic field for 5 min. Thereafter, the cells were treated by DMF with 20 Hz, for 20 min, and then confocal microscopy images were obtained. Plasma membrane and early endosomes were stained with CellMask (red); nuclei and lysosomes were stained with Hoechst 32580 (blue) and LysoTracker Green (green), respectively. The squares in the merge stack indicate SPIONs located in the lysosomes. Scale bars = 2 μm. (B) Statistical analysis of SPION colocalization with LysoTracker Green and CellMask under same conditions as in (A). (C) Colocalization analysis of lysosomes with SPION and CellMask under same conditions as (A). (D) Loading efficiency of LAMP1 antibody conjugated SPIONs (LAMP1-SPION) increased under condition with the DMF treatment. The loading efficiency is calculated by the ratio of TRITC fluorescence intensity (yellow) over nuclear intensity. The data was collected from three independent experiments. \**p* \< 0.05 and \*\*\**p* \< 0.001.](nn-2013-06302j_0003){#fig3}

Dynamic Magnetic Field Stimulation Can Injure Lysosomes *via* Antibody-Conjugated Superparamagnetic Nanoparticles {#sec2.3}
-----------------------------------------------------------------------------------------------------------------

To evaluate whether DMF treatment has the potential to injure lysosomes in LAMP1-SPION-loaded cells, we visualized the lysosome compartment with the marker LysoTracker Green. After DMF-facilitated loading of the LAMP1-SPION nanoparticles, the cells were cultured at 37 °C for 40 min to allow binding of the antibody paratope on the nanoparticles to LAMP1 in the lysosomal membrane. After that culture period, any remaining LAMP1-SPION nanoparticles outside the cells were removed by washing, before subjecting the cells to DMF treatment (20 Hz) for 20 min. The capability of the DMF treatment to disrupt the compartments of the lysosomes was evaluated by assessing changes in LysoTracker Green fluorescence intensity. Indeed, in LAMP1-SPION-loaded cells, the DMF treatment significantly decreased LysoTracker Green fluorescence by 75% as compared to cells loaded with conventional SPIONs without the LAMP1 antibody (483.6 ± 84.2 *vs* 120.3 ± 20.9 AU for SPION- and LAMP1-SPION-treated cells, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B). A dynamic depiction of this finding is shown in [Supporting Information Movie 3](#notes-2){ref-type="notes"} (green = LysoTracker Green; red = LAMP1-SPIONs). To confirm these findings, we next used the acidotropic probe (p*K*~a~ = 5.2) LysoSensor Green DND 189.^[@ref26]^ The rationale for this experiment was that disruption of lysosomes would reduce the volume of the very acidic compartments in the cell and lead to a decrease in LysoSensor Green fluorescence ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C and [4](#fig4){ref-type="fig"}D). Prior to DMF treatment, we found no difference in fluorescence intensity between SPION- and LAMP1-SPION-loaded cells. DMF treatment had no effect in SPION-loaded cells. In contrast, in LAMP1-SPION-treated cells, fluorescence intensity dropped (769.5 ± 82.5 *vs* 368.4 ± 69.6 AU/cell in SPION- *vs* LAMP1-SPION treated cells, respectively; *P* \< 0.001). While the induction of heat---in contrast to high frequency alternating magnetic fields---was not expected *a priori* given the low frequency of our dynamic magnetic fields, we excluded this possibility by monitoring temperature runs in phantoms. These experiments showed that no significant change in temperature was caused by the DMF induced magnetic field ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Taken together, these results suggest that the remote application of the DMF treatment causes permeabilization of lysosomal compartments, induced *via* the torque of the membrane-bound LAMP1-SPIONs.

![DMF treatment decreases intracellular lysosomes and the pH in LAMP1-SPION loaded INS-1 cells. (A) The cells were treated by DMF (20 Hz, 20 min) and lysosomes stained with LysoTracker Green. Scale bars = 5 μm. (B) Mean intensity of fluorescence was measured under the different conditions in (A). (C) Representative confocal images indicate the intracellular pH value using an acidotropic probe, LysoSensor Green DND 189 in INS-1 cells. Scale bars = 5 μm. (D) Mean fluorescence intensities were measured as in (C). Data collected from five experiments with at least 6 cells under each condition. \*\**p* \< 0.01, \*\*\**p* \< 0.001.](nn-2013-06302j_0004){#fig4}

![DMF-field induced SPION rotation does not increase temperature. A dish with 100 nm SPIONs (10 mg/mL) in water and a control dish containing water only, each containing a temperature probe, were placed simultaneously on the DMF device. The dishes were then subjected to the DMF field for 20 min at 20 Hz. No significant change in temperature was observed in either the dish with the SPIONs (red curve) or the control dish (green curve).](nn-2013-06302j_0005){#fig5}

Effects of Dynamic Magnetic Field Stimulation of Superparamagnetic Nanoparticles in Human Primary Cells {#sec2.4}
-------------------------------------------------------------------------------------------------------

To monitor the LAMP1-SPION loaded lysosomes, we coated SPIONs covalently with both LAMP1 antibodies and the fluorescence marker TRITC (TRITC-LAMP1-SPION). To further validate the possibility to translate our findings to clinical settings, we used isolated primary cells from human pancreatic islets and seeded on glass bottom Petri dishes. Then, TRITC-LAMP1-SPIONs were added to cell culture medium, followed by DMF treatment or no treatment, and finally, the cells were fixed for confocal microscopy. Human primary islet cells contained larger lysosomes than INS-1 cells as assessed by TRITC fluorescence ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A, upper). To assess colocalization of LAMP1 and TRITC-LAMP1-SPION, LAMP1 was detected by indirect immunocytochemistry using a Cy2-tagged secondary antibody. In cells not exposed to DMF treatment, LAMP1 and TRITC-LAMP1-SPION colocalized by 49.9 ± 9.2%, which was not significantly affected by DMF treatment (54.8 ± 9.5%) (data not shown). These results indicate that the bonds between LAMP1 and TRITC remain stable during DMF treatment. Interestingly, the TRITC-LAMP1-SPIONs loaded into the cells mainly appeared around the boundaries of structures, which are likely to represent a location in the lysosomal membrane ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). However, after a second round of DMF treatment, most of the LAMP1 was apparently separated from the TRITC-LAMP1-SPIONs ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A, bottom) and the SPIONs aggregated tightly ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C). DMF treatment also led to a marked downward shift in the distribution of lysosomal sizes ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}D), and accordingly, the average size of lysosomes decreased from 1.77 ± 0.06 μm (*n* = 141) to 0.79 ± 0.05 μm (*n* = 105) after DMF treatment ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}E). These results suggest that the second round of DMF treatment in cells loaded with TRITC-LAMP1-SPIONs results in a certain degree of damage to the lysosome membrane. However, a potential alternative explanation could be that the detachment of TRITC-LAMP1-SPIONs occurs from the lysosome membrane without disruption which can lead to the particles aggregating in the center of the still intact lysosomes. To address this possibility, the subcellular locations of the LAMP1-SPIONs were further identified by transmission electrical microscopy (TEM). The TEM images clearly showed that LAMP1-SPION particles had accumulated within intracellular compartments after loading into cells ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}F, left). In contrast, after the second round of DMF treatment, the LAMP1-SPIONs were scattered throughout the cells ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}F, right). These results demonstrate that DMF-induced rotational movement of LAMP1-SPIONs is also capable of disrupting lysosomal membranes in human primary cells.

![DMF treatment disrupts lysosomes in human pancreatic beta cells after loading with LAMP1-SPIONs. (A) Immunostaining of human islet beta cells with or without DMF treatment. Lysosomes were stained with the anti-LAMP1 antibody (red), SPIONs with TRITC (orange), and islet beta cells with an anti-insulin antibody (green), respectively. Scale bars = 2 μm. (B) The SPIONs are located in the membrane of a lysosome. The intensity profile (right) was derived along the red line in the image (left). (C) Same as (B), except after treatment with DMF. (D) Differences in size distribution of lysosomes before (gray bars) and after (black bars) DMF treatment. (E) Average size of lysosomes without and with DMF treatment. \*\*\**p* \< 0.001. (F) Transmission electron microscopy (TEM) images of the intracellular distribution of SPIONs in INS-1 cells. Images on the bottom are magnified versions of the areas indicated with white boxes. While without DMF treatment the LAMP1-SPIONs are clustered in vesicular structures, their distribution is scattered throughout the cytosol after DMF treatment.](nn-2013-06302j_0006){#fig6}

Consequences of DMF-Mediated Disruption of Lysosomes {#sec2.5}
----------------------------------------------------

Disruption of lysosomes has previously been reported to activate apoptotic reactions.^[@ref27]^ To determine whether DMF treatment can elicit apoptosis in LAMP1-SPION-loaded cells, we measured the extent of apoptosis in INS-1 cells with and without DMF. Annexin V and 7-AAD were used to indicate early and late stage apoptosis, respectively ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A). After DMF treatment, early and late apoptosis in LAMP1-SPION loaded INS-1 cells significantly increased from 4.56 ± 0.55% to 12.45 ± 1.6% and from 0.73 ± 0.17% to 1.31 ± 0.16%, as evidenced by positive staining for Annexin V or 7-AAD, respectively ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B and [7](#fig7){ref-type="fig"}C). Furthermore, the elevated rates of apoptosis also had consequences on cell proliferation during culture. A single 20 min DMF treatment (20 Hz) in SPION-loaded cells had no significant effect on cell number during a 6-days culture period when compared to control cells. In contrast, the number of LAMP1-SPION loaded cells after DMF treatment was significantly (*p* \< 0.001) lower from day 2 and onward ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}D). These results suggest that the attack on lysosomes *via* DMF-activated lysosomal membrane-targeted SPIONs prompts apoptotic cell death and affects the growth of the cell population.

![DMF treatment-induced apoptosis in LAMP1-SPION loaded cells. (A) The INS-1 cells were treated with DMF for 20 min at 20 Hz and stained with the nuclear marker Hoechst (purple), the apoptosis marker annexin V (green), and 7-AAD (blue). Scale bars = 5 μm. After 6 h of incubation (5% CO~2~, 37 °C), early (B) and late (C) stage apoptosis were detected by percentage of number of annexin V and 7-AAD positive cells to the number of Hoechst stained cells. Note that DMF caused significant increase in apoptosis in LAMP1-SPION-loaded cells compared to when loading was done using conventional SPIONs. Each treatment was conducted with 28 cells. \**p* \< 0.05. (D) Decrease of the rate of cell growth in LAMP1-SPION loaded INS-1 cells. Cells were treated with DMF (20 Hz, 20 min) once/day. Data are from 3 independent experiments and represent mean values ± S.E.M. \*\*\**p* \< 0.001.](nn-2013-06302j_0007){#fig7}

Discussion {#sec3}
==========

Here we describe a novel biomedical platform based on a unique dynamic magnetic field generator, which in combination with superparamagnetic nanoparticles can be utilized for various new applications.

Several prior studies have investigated the effect of 'alternating magnetic fields' on magnetic nanoparticles.^[@ref14],[@ref15],[@ref18],[@ref28]−[@ref31]^ These studies generally used high-frequency (kHz range) alternations in the magnetic field polarity, and observed that targeted iron oxide nanoparticles caused damage to cellular membranes leading to permeabilization. Energy dissipated locally as heat by the iron oxide nanoparticles was thought to lead to disruption of lipid bilayers in most of these studies. Huang *et al.*([@ref32]) demonstrated a temperature-induced change in fluorescence when a fluorochrome was attached to a magnetic nanoparticle and exposed to an alternating magnetic field, whereas no change was observed in free fluorochromes.

In contrast to these reports using high-frequency alternating (but not dynamic) magnetic fields, our DMF approach uses low-frequency (∼10--20 Hz), dynamic (*i.e.*, moving) magnetic fields of ∼30 mT that uniquely induce rotation of every individual particle in the field around their own axis ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, [Supporting Information Movies 1 and 2](#notes-2){ref-type="notes"}). The speed of this rotation (and its direction) can be controlled by varying the frequency setting on the device. For example, at lower frequencies nanoparticles can be prompted to roll over cell membranes, which may mimic the movement of viruses along cell membrane surfaces^[@ref33]^ and increase the efficiency with which nanoparticles internalize into cells. Higher rotational speeds can be used in order to destroy particular targets *via* rotational shear forces without inducing unwanted thermal effects. Molecular simulations of lipid bilayers have shown that both incremental shear and tension can destabilize cell membranes, and that the energy that is required to cause such membrane damage can be achieved with rotating magnetic nanoparticles.^[@ref15],[@ref34]^ We have applied the DMF on LAMP1 antibody-conjugated superparamagnetic iron oxide nanoparticles to facilitate nanoparticle uptake into cells and to disrupt the lysosomal membrane as a means to induce cell apoptosis. The DMF approach has two major advantages: (1) nanoparticles can be rotated around their own axis, and (2) no significant heat is created. Heat creation is the presumed mechanism of how high-frequency alternating magnetic fields cause damage to cell membranes.^[@ref31]^ This, however, can potentially cause extensive and unspecific cellular necrosis. By contrast, our DMF technology does not induce heating above the physiological temperature range. By our method, apoptosis can be specifically induced in nanoparticle-loaded cells only and apoptotic cells are removed *in vivo* by endogenous scavenger systems, *e.g*, the innate immune system and macrophages. Tissue damage is thus limited to only the targeted cells, in contrast to procedures leading to supraphysiological temperatures and resultant necrosis, potentially sparing widespread acute inflammatory reactions.

To achieve a high degree of specificity of nanoparticle-mediated intervention, targeting of the nanoparticles to the right cell type and into the desired subcellular compartment is important. Our technology platform represents an example of unique utilization of DMFs to target magnetic nanoparticles to specific intracellular compartments. Previous reports have demonstrated the usefulness of magnetic nanoparticles for controlling activity of plasma membrane receptors or ion channels.^[@ref28],[@ref29],[@ref35]^ Upon protracted stimulation of receptors or ion channels, there is solid evidence for down-regulation of their activities. One important mechanism of such desensitization is internalization of receptors or ion channels to intracellular sites where they reside in an inactive standby pool. In the context of nanoparticle-mediated activation of receptors or ion channels this means that after activation, the number of the receptors/ion channels in plasma membrane decreases and the desired cellular signals and responses are blunted. Moreover, the magnetic nanoparticles themselves are internalized already after short incubation with live cells *via* the endocytotic pathway.^[@ref36],[@ref37]^ We have made use of this property of internalization and facilitated the process by DMF treatment to accelerate delivery of LAMP1 antibody-coated nanoparticles to intracellular compartments. Following down the endocytotic pathway, the LAMP1-SPIONs enter the early- and late-endosomes and afterwards they should enter other compartments, *e.g.*, ER, *via* recycling endosomes, or being removed from the lysosomes,^[@ref38]^ In the lysosomes, the LAMP1 antibody conjugated to the SPION recognizes LAMP1 that is highly expressed in the lysosomal membrane. In response to a low frequency DMF, the now bound SPION generates dynamic forces strong enough to tear the lysosomal membrane, leading to destruction of the lysosome integrity, leakage of lysosomal enzymes and finally induction of apoptosis. In INS-1 cells, we observed that the SPIONs mostly loaded into lysosomes after 20 min DMF treatment ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). This preferential lysosomal localization was also observed when SPIONs were located into primary human pancreatic islet cells ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). However, as the direction and extent of intracellular membrane trafficking may differ markedly between cell types, the lysosome loading efficiency needs to be carefully evaluated when adopting this application to other cell types. Thus, we envisage that this technology will ultimately provide an avenue for development of tools to regulate specific subcellular compartmental functions including not only the nuclei, but also compartments such as the ER, Golgi apparatus, and different types of endosomes along the intracellular membrane trafficking system. Further studies will be needed to translate our approach *in vivo*. Certain challenges such as the precise delivery of the nanoparticles in a more complex *in vivo* scenario and the application of DMF fields in larger animals and humans in deep organs will have to be overcome. However, ultimate clinical translation using our low frequency DMF approach may be more straightforward than using high-frequency alternating fields, because the DMF fields are not expected to cause nonspecific heating of tissues through induced eddy currents^[@ref31]^ and should therefore have a better safety profile.

The achievement of rotational control on nanoparticles with the DMF method has many other potential applications beyond the model systems used here, in both biomedical and nonbiological nanotechnology fields. For example, magnetic actuation has been shown to control timing and drug release from vesicles containing iron oxide nanoparticles.^[@ref39]^ The increase in permeability of lysosomal membranes not only can be used to promote apoptosis, such as through the release of proteolytic enzymes and increase in reactive oxygen species, but can also increase the efficacy of drugs trapped in lysosomes. Because sequestration of drugs in lysosomes is responsible for up to 40% of whole tissue drug uptake,^[@ref40]^ lysosomal drug trapping plays an important role in the development of tumor drug resistance.^[@ref41]^ Therefore, with further development, DMF-mediated lysosomal membrane permeabilization could be used to treat cancer drug resistance.

Conclusions {#sec4}
===========

In summary, using a unique dynamic magnetic field (DMF) generator, we can control rotational movements of superparamagnetic iron oxide nanoparticles (SPIONs) in solution. This rotational nanoparticle movement was applied for remote induction of cell death by injuring lysosomal membrane structures. We covalently coated SPIONs with antibodies targeting the lysosomal protein marker LAMP1 (LAMP1-SPION). Remote activation of slow rotation of LAMP1-SPIONs with 20 Hz for 20 min significantly improved the efficacy of cellular internalization of the nanoparticles. A total of 71.2 ± 3.8% of LAMP1-SPIONs accumulated along the membrane in lysosomes in rat insulinoma tumor cells due to binding of LAMP1-SPIONs to endogenous LAMP1. Further activation of torques by the LAMP1-SPIONs bound to lysosomes resulted in rapid decrease in size and number of lysosomes, attributable to tearing of the lysosomal membrane by the shear force of the rotationally activated LAMP1-SPIONs. This remote activation resulted in increased cell apoptosis and impaired cell growth. Our findings suggest that DMF treatment of lysosome-targeted nanoparticles offers a noninvasive tool to induce apoptosis remotely and could serve as an important platform technology for a wide range of biomedical applications.

Methods {#sec5}
=======

Nanoparticle Assembly {#sec5.1}
---------------------

The antibody/dye nanomag-CLD-spio particles were conjugated and purchased from Micromod (Rostock, Germany). The protocol of conjugation of LAMP1 antibodies to magnetic nanoparticles was described previously.^[@ref22]^ Briefly, SPION nanoparticles (Micromod, Germany) were amino-functionalized and the density of amino groups per milligram of particles was determined. After washing, the other parts of amino groups were reacted with sulfo-SMCC in PBS-EDTA buffer to introduce maleimide groups on the particle surface. The monoclonal LAMP1 antibody (Abcam, U.K.) was purified with a G-25 column containing PBS/EDTA buffer to remove the glycerin and sodium azide. After purification, the LAMP1 antibody was treated with imnothiolane solution to introduce the SH groups. After the SH-modified antibody was washed with PBS-EDTA buffer in a G-25 column, the maleimide-modified particles were added. The particles were shaken for 1 h at room temperature. Then, cystein was added to quench the remaining reactive sites. Finally, the particles were purified with PBS buffer in magnetic columns in a high gradient magnetic field.

DMF Device {#sec5.2}
----------

The dynamic fields to control SPION rotation used in this study were created with a DMF generator (DM-01, Feldkraft and Stetter Elektronik, Germany). The device consists of an array of multiphase coil systems, where the coils are displaced against each other. The field can be altered in a highly dynamic fashion. A device-integrated digital controller regulates the frequency as well as the magnetic flux. The dynamic flux produces an electromagnetic gradient force *F⃗* = (*M*∇)*B⃗*, where **M** is the magnetic moments of the beads in total and **B** is the dynamic flux density field vector. This vector is established by the **H** field of our device. The magnetic field strength generated by the DMF device used in this study is approximately as large as 30 mT (rms).

Live Cell Imaging {#sec5.3}
-----------------

Cells were seeded onto glass coverslips. After DMF treatment, live images were acquired using a Zeiss 510 Meta confocal system with a ×40 water immersion objective (NA =1.2). SPION-TRITC was visualized by excitation at 543 nm and emitted light was collected using a long-pass 560 nm filter. The pinhole was ∼1 airy unit and the scanning frame was 512 × 512 pixels. The cellular location of SPION was stained with the plasma membrane marker CellMask (Invitrogen), lysosome marker LysoTracker Green (Invitrogen) and a marker for cell nuclei, Hoechst 34580 (Invitrogen). Image analysis was performed with ZEN 2009 software (Zeiss, Germany). Colocalization was analyzed by a Pearson's efficiency methods within ZEN 2009. The SPION-TRITC colocalization of lysosomes was calculated by coefficient *c*~SPION~ = (Pixel~colocalized~/Pixel~total~) × 100. Likewise, the LysoTracker-labeled lysosomes were counted by coefficient *c*~lysosome~ = (Pixel~colocalized~/Pixel~total~) × 100. The coefficient is reported as a percentage from 0 to 100, with 0 meaning no colocalization and 100 meaning all pixel-pairs are colocalized. Since TRITC labeled SPIONs were loaded into all the INS-1 cells after DMF treatment, we used the fluorescence intensity of TRITC to indicate the amount of SPIONs in a cell after 3 times washing. The total SPION loading efficiency was calculated by percentage of number of fluorescence intensity of TRITC to the intensity of Hoechst 34580 which reflects cell number in a field.

Transmission Electron Microscopy (TEM) Imaging {#sec5.4}
----------------------------------------------

The preparation of cells for TEM was described previously.^[@ref42]^ Briefly, INS-1 insulinoma tumor cells^[@ref43]^ were treated with DMF, followed by fixation in 2.5% glutaraldehyde for 1 h at 4 °C. The cells were then treated with 1% osmium tetroxide, dehydrated, and embedded in AGAR100 (Oxford Instruments Nordiska AB, Stockholm) before they were sliced in ultrathin sections (70--90 nm). After slicing, the samples were placed on Cu grids and contrasted with uranyl acetate and lead citrate. The TEM images were obtained using a JEM 1230 electron microscope (Jeol-USA, Peabody, MA).

Human Islet Cell Immunostaining {#sec5.5}
-------------------------------

Human islets were provided by the EXODIAB Human Tissue Lab and the Nordic Network of Clinical Islet Transplantation Programme ([www.nordicislets.org](www.nordicislets.org)). The islet cells were separated in a Ca^2+^-free solution at 37 °C for 10 min and treated with DMF after 12 h culture on the coverslips centered dish (MatTek, Germany). Then, the cells were fixed with 3% PFA-PIPES and 3% PFA-Na~2~BO~4~ for 5 and 10 min, respectively, permeabilized with 0.1% Triton-X 100 for 30 min, and blocked with 5% normal donkey serum in PBS for 15 min. Guinea pig sourced antibody against insulin (EuroProxima, The Netherlands) was diluted in 5% block buffer and incubated overnight at 4 °C. Immunoreactivity was done using fluorescently labeled secondary antibodies: cy2 anti-guinea pig (1:400) and cy5 anti-mouse (1:400). The images of SPION-TRITC (EX: 543 nm), cy2-labeled insulin (EX: 488 nm) and cy5-labeled LAMP1 (EX: 633 nm) were visualized through three or four channels by a confocal system (Zeiss, Germany). Lysosomal size (LAMP1 marked) was calculated using the profile function of the ZEN 2009 software based on the shapes of the fluorescence areas.

Intracellular pH Measurement {#sec5.6}
----------------------------

INS-1 cells were seeded on the glass centered dish (MatTek, Germany), loaded with SPION or SPION-LAMP1 and treated by DMF. Then, the cells were incubated with 1 μM acidic indicator, LysoSensor Green DND 189 (Invitrogen) for 30 min in 37 °C. After incubation, the cells were washed and the fluorescence images were acquired by confocal microscopy. The average fluorescence intensity per cell was measured using the ZEN 2009 software and further applied for quantitative analysis.

Cell Apoptosis Detection {#sec5.7}
------------------------

FITC-Annexin V (51-65874X, BD) and 7-AAD (51-68981E, BD) were used to assess early and late apoptosis of INS-1 cells. After DMF treatment, the INS-1 cells were incubated with the dyes at 37 °C for 30 min. Images were acquired under identical conditions (using the same settings for pinhole (1 airy unit), exposure time, gain and scanning speed). Fluorescence intensity was analyzed by the ZEN 2009 software and early/late stage apoptosis was quantified by percentage of number of Annexin V/7-AAD positive cells to the number of Hoechst 34580 stained cells.

Proliferation {#sec5.8}
-------------

INS-1 cells were seeded on 24-well plates loaded with SPION or SPION-LAMP1 nanoparticles and treated by DMF once/day. Then, the cell number was calculated by a plate cytometer after 6 h of DMF treatment. Cells were counted once per day for 5 days.

Temperature Measurements {#sec5.9}
------------------------

A dish with 100 nm SPIONs (10 mg/mL) in water and a dish without the SPIONs in water as a control, each containing a temperature sensor (Radial leaded glass-encapsulated NTC thermistor, EPCOS, Inc., Germany), were placed simultaneously on the DMF device. The dishes were then subjected to the DMF field for 20 min at 20 Hz and the temperature was recorded in each dish.

Statistical Analysis {#sec5.10}
--------------------

The data was presented as average ± standard error of the mean (SEM). Statistical comparison of paired-factors experiments was performed by Student's *t* test and one-way analysis of variance (ANOVA), and the Friedman tests were performed for multifactor experiments, which have more than two group treatments in one experiment.
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Movie 1: illustrates the rotational control of magnetic microparticles achieved with the DMF device. Movie 2: illustrates the rotational control of magnetic nanoparticles (300 nm diameter) achieved with the DMF device. Movie 3: dynamic confocal microscopy study of a single live cell illustrating injury to lysosomes *via* DMF and LAMP1-SPIONs in real-time. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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